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Abstract

Purpose Carrier screening (CS) is a term used to describe a genetic test performed on individuals without family history of
genetic disorders, to investigate the carrier status for pathogenic variants associated with multiple recessive conditions. The
advent of next-generation sequencing enabled simultaneous CS for an increasing number of conditions; however, a consensus
on which diseases to include in gene panels and how to best develop the provision of CS is far to be reached. Therefore, the
provision of CS is jeopardized and inconsistent and requires solving several important issues.

Methods In 2020, the Italian Society of Human Genetics (SIGU) established a working group composed of clinical and
laboratory geneticists from public and private fields to elaborate a document to define indications and best practice of CS
provision for couples planning a pregnancy.

Results Hereby, we present the outcome of the Italian working group’s activity and compare it with previously published
international recommendations (American College of Medical Genetics and Genomics (ACMG), American College of Obste-
tricians and Gynecologists (ACOG), and Royal Australian and New Zealand College of Obstetricians and Gynaecologists
(RANZCOG)). We determine a core message on genetic counseling and nine main subject categories to explore, spanning
from goals and execution to technical scientific, ethical, and socio-economic topics. Moreover, a level of agreement on the
most critical points is discussed using a 5-point agreement scale, demonstrating a high level of consensus among the four
societies.

Conclusions This document is intended to provide genetic and healthcare professionals involved in human reproduction with
guidance regarding the clinical implementation of CS.

Keywords Carrier screening - Reproductive risk - Reproductive autonomy - Genetic diseases - NGS - Whole-exome
sequencing - Cost-effectiveness

Introduction

According to the Clinical Genomic Database of the National

Human Genome Research Institute, autosomal and X-linked
genetic disorders account for a sizable portion of diseases,
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with approximately 5000 known protein-coding genes spe-
cifically connected to recessive disorders [1, 2]. On average,
one new disease-gene is discovered every day. Therefore,
the aforementioned number of genes causative of recessive
disorders is set to increase continuously in years to come [3].
According to the European Organization for Rare Diseases
(EURORDIS), 6-8% of the European population is affected
by arare disease, and recessive conditions represent a signif-
icant portion of this percentage [4]. Recent data estimate that
autosomal (AR) and X-linked (XR) recessive diseases affect
30 out of 10,000 live births. Moreover, recessive disorders
explain approximately 20% of infant mortality and up to 10%
of pediatric hospitalizations in developed countries [5, 6].

Pathogenic variants for recessive disorders are rarely
de novo mutations; instead, they are frequently inherited
through multiple generations within the same family. As
a result, there are usually many carriers in a family, who
are often unaware of their possible carrier status until an
affected member of the family is born. In almost all cases,
the affected child’s parents are phenotypically normal, unaf-
fected heterozygous carriers for one of the causative muta-
tions. The risk of conceiving a child with a recessive genetic
disorder is approximately 1-2% for any couple in the general
population [7].

Carrier screening (CS) is a genetic test that can be performed
on single individuals and couples during their reproductive age,
even with a negative family history of genetic conditions. By
checking for disease-causing pathogenic variants in the same
autosomal genes in both members of the couple (AR diseases)
or in a gene on the X chromosome in the female partner (XR
diseases), carrier screening seeks to identify couples who are at
increased risk of having affected pregnancies [7, 8]. Identifica-
tion of these at-risk couples (ARC) is the main goal of carrier
screening so that genetic counselors can provide them with
information on reproductive options to maximize their repro-
ductive autonomy. Preimplantation genetic testing for mono-
genic disorders (PGT-M), in vitro fertilization with noncarrier
donor gametes, and prenatal diagnosis (PND) are some of the
reproductive alternatives that can be prospected to couples dur-
ing genetic counseling after positive carrier screening results.

Carrier screening for inheritable AR conditions began in
the 1970s, with the screening of at-risk populations distin-
guished by geographical isolation and customs that limited
random mating (ancestry-based screening).

The first population to be screened for a recessive dis-
order was the Ashkenazi Jewish (AJ) for Tay-Sachs dis-
ease (TSD). TSD is a severe AR condition with a carrier
frequency of 1/30 in the AJ population and 1/300 in the
general population [9]. This first recorded CS program
provided the necessary proof of principle for subsequent
screening initiatives, including population-specific pro-
grams such as those for thalassemia (OMIM #613,985)
in individuals from Mediterranean regions or the one for
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cystic fibrosis (CF, OMIM #219,700) in populations of
European ancestry [10, 11]. However, restricting carrier
screening by using socially defined ethnic constructs or
by self-identified ancestry is both inequitable and sci-
entifically flawed [12, 13]. Nowadays, the most widely
accepted form of CS is the so-called pan-ethnic or uni-
versal. This screening approach aims to identify carriers
of genetic diseases with high frequency in the general
population.

Over the last 50 years, technological advances have
drastically changed the molecular testing of pathogenic
variants. Particularly, the availability of the next-gener-
ation sequencing (NGS) has made possible the inclusion
of an extensive number of disorders, up to whole-exome
and whole-genome approaches, in a reliable, high-through-
put, and cost-effective way. Moreover, the generation of
databases for the classification of genomic variants and
the outstanding rate of discovery of new disease-causing
genes have broadened the diagnostic yield, particularly
for rare recessive disorders [14, 15]. Taken together, these
improvements make it possible for prospective parents to
participate in CS programs assessing simultaneously the
genetic risk for tens to hundreds of recessive diseases,
regardless of the family history and the ethnic background.
Contemporary CS programs can get a diagnostic yield as
high as 2-5% of couples tested that are shown to be at
increased risks following genetic screening [7, 16—18].

Scientific societies, including ACOG (American Col-
lege of Obstetricians and Gynecologists), recognize that
the extension of preconception genetic screening tests
for the most common and severe recessive conditions to
healthy individuals without family history is an acceptable
strategy and crucially beneficial, provided that proportion-
ality criteria of the testing strategy are met [19, 20].

However, CS is not yet routinely offered for precon-
ception/pregnancy risk assessment probably due to incon-
sistency with good practice recommendations in its early
application (particularly for the gene panel to screen)
and poor development of national scientific and educa-
tional programs for the provision of CS to the broader
community.

Indeed, CS application resulted in a wide heterogeneity of
commercially available panels for CS testing. For example,
in 2018 a report of data from 16 laboratories showed that the
number of conditions screened by different commercial pan-
els ranges from 41 to 1792 [21]. However, only three condi-
tions are shared by all reviewed CS panels (cystic fibrosis,
Niemann-Pick, and Maple syrup urine diseases) alongside
broad differences in both the interpretation criteria and
the applied laboratory techniques. Furthermore, very few
national/regional scientific societies have developed specific
guidelines for the implementation and adoption of CS in
their territories.
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Due to the high ethical and clinical impact of CS screen-
ing, scientific organizations recently felt the need to publish
updated guidelines for CS use, including benefits/limita-
tions and technical and ethical foundations to consider for
the design and development of CS programs [22-26]. The
purpose of this work is to cover recommendations recently
developed in Italy by the Italian Society of Human Genet-
ics [27] as well as those proposed at the international level,
commenting on the key elements of novelty as well as their
main agreements and differences.

Methodology: recommendations in Italy
and worldwide

Initially, the Italian Society of Human Genetics (SIGU)
recommended not to perform genetic tests for the risk
assessment of monogenic diseases in both scenarios of
natural conception and medically assisted reproduction
(MAR) [28, 29]. In 2016 this statement was revised, and
screening for CF was recommended because of its corre-
lation to male infertility [30, 31]. Likewise, the American
College of Medical Genetics and Genomics (ACMG) [23]
and the American College of Obstetricians and Gynecolo-
gists (ACOG) [25] recommended generalized (pan-ethnic)
screening only for CF and spinal muscular atrophy (SMA,
OMIM #253,300).

However, future clinical use of CS tests during the pre-
conception stage was not rejected, if supported by analyti-
cal and clinical evidence. Acknowledging the advances in
the technology used in carrier screening, the criteria have
changed over time.

In 2020 SIGU has set up a working group composed of
geneticists with hands-on expertise in different branches
(cytogenetics and cytogenomics, clinical genetics, molecular
genetics, forensic genetics, pharmacogenetics, epigenetics,
and healthcare providers) to discuss the provision of CS. The
working group members defined an outline for relevant and
challenging topics and later discussed them in depth with the
entire group until consensus. Several online meetings were
organized for discussion, and finally, the draft of the pro-
posed document was submitted for stakeholder review. The
final version was approved on 20 July 2021 and published
on the SIGU website on 4 October 2021 [27].

The following scientific societies, whose most recent offi-
cial documents regarding carrier screening were released
between 2017 and 2021, might be considered as representa-
tive international guidelines: ACOG, which upholds the ear-
lier version [8, 25], the Royal Australian and New Zealand
College of Obstetricians and Gynaecologists (RANZCOG)
[24], and ACMG [22].

By comparing the cited above documents to one another
and to the final statements of the Italian working group,

we have determined a consensus-based core message on
genetic counseling and nine main subject categories to
explore, spanning from goals and execution, to technical
scientific, ethical, and socio-economic issues.

The following text will go over each of the nine subjects
in detail, along with the genetic counseling component,
focusing on SIGU recommendations and providing a con-
densed summary of the statements from the other three
societies at the end of each paragraph.

To facilitate the comparison among societies, the main
recommendations of the four organizations are summa-
rized in Table 1.

1. Carrier screening goals

The use of CS should meet the requirements of the ACCE
framework, which developed the first publicly available
analytical process for evaluating scientific data on emerg-
ing genetic tests that has been adopted by various entities
worldwide [32, 33]. ACCE considers four main criteria for
the evaluation of a genetic test (i.e., analytic validity, clini-
cal validity, clinical utility and associated ethical utility,
legal and social implications, ELSI). Analytical validity
(e.g., sensitivity, specificity) refers to a test’s capability
to detect the genotype of interest accurately and reliably.
Clinical validity (e.g., positive/negative predictive values)
refers to a test’s ability to predict the clinical disorder or
phenotype associated with the genotype. Clinical utility of
a test results in changes in clinical endpoints, conditioned
on test results. ELSI includes all non-technical issues that
arise when developing emerging science and technologies
and implementing them in society, as described in the cor-
responding section below.

First, analytical validity of carrier screening is to be
established by genetic laboratory through robust validation
processes as requested by supervisory authorities. Clini-
cal validity and utility for carrier screening are defined by
the detection of couples at increased risk of transmitting
a genetic disorder to their offspring (i.e., diagnostic yield
of a specific EC assay) and the possibility to provide them
with several reproductive options, respectively.

SIGU reports as the primary objective of carrier screen-
ing, to facilitate reproductive autonomy and support
informed decision-making rather than to demonstrate the
possible reduction of affected children’s births [23, 25,
34]. Regarding carrier screening goals, ACOG provides
individuals with meaningful information to guide preg-
nancy planning based on their personal values, in agree-
ment with SIGU. More directly, RANZCOG and ACMG
emphasize the identification of couples at risk who have a
1 in 4 chances of each pregnancy to have conceive a child
affected by a recessive genetic disorder.

@ Springer



Journal of Assisted Reproduction and Genetics (2022) 39:2581-2593

2584

UOTJEPUAWIIOIAT Paseq-aaISy

uonepuaw
-WO0J3I Paseq-aa13e A[Suong

uonepuaw
-0 Paseq-aa13e A[Suong

Surouanbos uoneIauasd-)xoN

yoeoidde
[enuanbas 1o [eMIXIUO)) -
pa11eyaxd oq prnoys
a3eys euondoouoo-a1 -

K10)s1y ATwuej 1o/pue
Ayurn3uesuod Jo 9ouasald -

jueudard

are oym Jo Koueugaxd Suru
-ueyd sordnoo/srenprarpuy -

Sundsyo oy 0) saseasIp
onoudd Sumnusuern Joj ySL
Je 9soy) AJnuapt pue sa[dnod

UOT)EPUSWITIOI9] Paseq-0aI8y  I0f YSH aanonpoidar oy suya

Surouonbas uonerauasd-1xoN

pasrejaid oq prnoys
a3e3s Teuondeouod-a1( -

s9[dnoo snoosurn3uesuo)) -

yueugaxd
are oym Jo Aoueu3aid Suru
-ueyd sopdnoo/srenprarpuy-

Suryew-uorsIoap
pawIojul pue AWouoine
aanonpoidar areyi[roe

Ke1reorotwu
‘urouanbes 1o3ues ‘Y4 TIN

“4Dd :Spoyleu 1O -

Surouanbos uonerouasd-yjxoN-
Koueu
-3o1d oy) Surmp pasn 9q

pinoys yoeoxdde [emyxojuo)-
yoeoidde

[enuanbas 1o [eMIXAIUOY) -
pa1ieyaxd oq prnoys

a3eys euondoouoo-a1 -

s9[dnoos snosurn3uesuo)) -

jueuSard

a1e oym Jo Aoueu3axd Suru
-ued seydnoo/srenprarpuy-

Sundsyjo

1197} 0 SOSBISIP J1jouas 3un

-JusueI) 10J YSII e 9soy)

Kjnuapt pue sa[dnoos ay) 10§
ys1 aanonpoidar ay) sugeq

YO MOdP VTN
:3unsa) renosjow Are[[Iouy -
SHM BIA 10 saud5 Pajoo[as
Jo Surouanbas pajeSie) via
Surouonbas uonerouasd-yxaN -

Koueu
-3axd oy Surmp pasn 2q
pinoys yoeoxdde [emyxojuo)-
yoeoidde
[enuanbas 1o [eMIX2IUOY) -
pa11oyard oq prnoys
a3e3s euondoouod-a1d -

+SIOUOP 9JoWeN) -

s9[dnoos snoaurn3uesuo)) -

jueuSard
are oym Jo KoueuJaxd Suru
-ueyd so[dnoo/srenprarpuy -

Suryew-uoIsIoop
pauwLIojul pue Awouoine
aanonpoidar ayeynfoe

sis[eue Jo SpoyIRIA

1591 9y
waojrad 03 moy pue Surwi],

syuardrooy]

S[e03 SuTUIQIOS IALIIRD)

JUSWAISE JO ApeID

(Izel 391 °61020) DOIZNV Y

([oz ‘81 J21°L107) DOOV

(Iozl'321 “1202) DINOV

([s2l ‘zeoz-1200) NOIS

SUOIEPUSWWOAI DTS JO

JUSWIATQ AJ[QAOU SE . S[OQUAS "JUISUOD PIWLIOJUT ) ‘TUTUAIDS JALLIRD §) ‘OSBISIP SYOBS-AB], (7S ‘USIMI[ IZBUMYSY [V ‘QWOIPUAS X oISer] §X./ ‘Aydone renosnw [eurds ypyg ‘sisoiqy onsAo
D “OAISSOI0I PAYUI[-X Y X ‘OAISS0AI [BWOSOINE Y “YDd-oAneinuenb b “qDHd awn-[eal 1.4 ‘uonoeal ureyd aserowkod yH4 ‘uoneoyrdure aqoid juspuadap-uonesi| xoidninw yg7¢ ‘Surouanbas
QUIOX?-9[0YM STM :SUONRIARIqQY "(suonisod JuadIoAIp “9a1Sesip A[Suomns J0 ¢ ‘soanoadsiad ayrsoddo om) ur rpds “9a1SesIp 10 4 {SIUSUIIL]S padueNU ‘SUIXTW JO ¢ ‘UONUIUOD Jo jurod Jourw e
)M JUSWSIOPUD ‘92I3. 10 7 JUSWASIOPUD SNSUASUOD 9213k A[Suoms Jo ) 9[eds Juawaadide jutod-¢ ylim paIopIsuod suoneziuesIo Inoj dy) Wolj Suonepuawioddlr ) jo uostedwo) | sjqel

pringer

Qs



2585

Journal of Assisted Reproduction and Genetics (2022) 39:2581-2593

UONEPUSWWOAI PIseq-a21Ty

uonepuaw
-WO0JI PIseq-9213e A[Suong

uonepuaw
-W0o1 paseq-a13e A[Suong

UONEPUSWOT PAseq-SUIXIA

uorsnpour pue Aymbyg QUON
Papaau SAIpNIS

JIoy}Iny pue eyep y3nouo JoN -

Papa3u sAIpn)s
IOU}INJ pue ejep ySnouo JoN -

pop1aoid 2q pinoys st

SSLI [ENPISAI JO A0UASAIJ -  [ENPISAI ‘9[qIssod JOAQUAYM -

Jou P[NOYS ¢ SSB[O JO 9SOy}
S[ym ‘pariodar 9q pnoys
K[UO SJUBLIEA G PUE 4 SSB]D) -

poyrodar
9q p[NOYS SJUBLIBA DI M

INEL!S
sisopidijoonui pue ‘aseasIp
UBABUED) ‘QWOIPUAS woo[g

‘errouo)nesAp Terruey <0
dnoi3 erwoue ruooue ‘v
2d£) aseasIp Yo1d UUBWAIN

‘ASL U0SIP [V UQ «—

s91dnoo [re uo SXJ pue
VIAIS 41D ‘BIUosseley], <

sordnoo
e uo gD A[AISN[OXH «—

UONUQAIONUT
103 sanrunyioddo pue sis
-ou3erp [eyeuard J[qe[TRAY -

jasuo Apreq -

UONUAAINUI [BI1SINS IO
/pue [edIpaw Jo Juowaxnboy] -

juowaredwt
QANIUS0d J0/pue [BIISAYJ -

aJ1[ Jo uonemp/Ayenb aj1[ Jo
) U0 1099 9[qeIoArju() - A)enb uo 109} 9[qeIoARJU() -

adKyouayd pauyep-[fom -

1918213 10 )0
ur | jo Aouanbaiy 1o11IR)) -

uorsnpour pue Aymbyg

Papaau saIpmys
Ioy)mj pue ejep ySnous JoN] -

papraoid aq prnoys siI
[enpisar ‘o[qissod JoAdUAYM -

sooue)s

-wnoIrd oY10ads Ut paIapIs
-U09 9q UBD SJUBLIRA ¢ SSB]D) -

payodar oq

JNOQe UONJEPUSWIWOIAI ON - P[NOYS SJUBLIBA G PUR 4 SSB[D) -

$9[dnood [[e uo poIsI| sAsLd
-SIP X PUB YV 0] € L], «—

Spoyjow JUTUAAIIS JO
Kyipifea onkfeue poysiqelsy -

suondo aanonpoidar pue
sisougerp Tejeuaid o[qe[reAy -

Kyaass adKjouay -

uone[a110o adKjou
-oyd—ad£joua3 pougop-[om -

1918213 10 (0T
ur [ jo Aouanbaiy 1o11IR)) -

uonenyead seduanb
-9Su0d pue ‘Kwouoine ‘ednsng SUOTIOQPI [edIYIT
Papaau SAIpNIS
Ioylany pue eyep ySnous J0N - uonen[eAd AouaIoyje-1s0D)
sore[dwa) J10dor paxouuy
popraoxd

39 pnoys YsH [enpIsay -

JOu p[NOYS ¢ SSB[d JO IS0y}
arym ‘parrodar aq pinoys

A[UO SJUBLIBA G PUE { SSB[D) - J[nsa1 oy jo Suniodoy

s9[dnoo [[e uo 9zA[
-BUR 0} 9SBISIP JO ISI[ ON «—

suondo “sampadoid onsou
-3erp oyerrdordde o[qerreay -

jasuo Apreq -

UOT)USAIOIUT [eJISINS JO

/PUe [eJIPAW JO JuowInbay -

juowraredwt
ATUZ09 J0/pue [edISAYJ -

9J11 Jo uonenp/Ayrenb
U} UO J09JJ9 9[qeIOARJU() -

uone[a110o adKjou
-oyd—ad£joua3 pougop-[om -

,suon
-Ipuod AUuBW MOY PUE YOTYA\

JuowdaIde Jo opeIn

([zz] 321 °6100) DODZNVE ([oz ‘81 321 °L107) DOOV

(lozl'31°1202) DINOV

([s2] ‘zeoz-1200) NOIS

(ponunuoo) | sjqey

pringer

a's



Journal of Assisted Reproduction and Genetics (2022) 39:2581-2593

2586

UONEPUSWOT PAseq-SUIXIA

J0J PAUSAIOS SUOT)IPUOD )

Jo auo Aq pajodjje se poIsa)
[ENPIAIPUT OY) SUTKFIUSPT
JO Qoueyd [[ews © ST I, -

Suridsgjo 03 YSLI AeUTWI[D
JOU SO0P UIAIJS AL Y -

PassaIppeal 2q p[noys sur
-UQ9I0S JOLIIED ‘Pasueyd sey
1omred aanonpoidar e uaymp -

JOJ PAUSAIOS SUOTIIPUOD )

Jo auo Aq pajoajje Se paIsa)
[eNPIAIPUT oY) SUTKIHUSPT
JO QoueyD [[eWsS © SI Y], -

Paoaye 9q 03 ATy
jou 21e 3uridsyjo ‘uonIpuod
MV JURIQIP B JO IOLLIED
© Se paynuapI st souyred
(oe9 J] JOLLIED [enpIAIpUL
a1} 10J saouanbasuod [eo
-IUT[O OU SBY UONIPUOD

AV ue jo 1orred e Surog -

Suridsyjo 03 YSLI AJeuTwWI[d
10U S0P UAIDS dANeTU Y -

Ayuaared Jo a3pamouy
91eInodoe uo spuadap jusw
-$$9sse Ys1I Anonpoiday -

papnpour are A1
-IOAQS SuIAIeA JO SUONIPUOD) -

[eIIUSpYUOd d1e
S)[NSa1 pue KIejunjoA st g -

JOJ PAUAAIOS SUOTIPUOD A}

Jo auo Aq pajodge se poIs)
[ENPIAIPUT OY) SUTKIIUSPT
JO QduRYD [[BWS B SI A, -

PaYodge 2q 03 A[oNI]
jou are 3uridsjjo ‘uonIpuod
AV JUSISYIP B JO IOLLED
® Se paynuopt st soujred
[oBd J] “IOLLIED [ENpPIAIPUI
oy} 10J seouanbasuood [ed
-IUI[O OU SEBY UOTIPUOD

AV ue jo Jo1ued e Surag -

Suridsgjo 03 YSLI eUTWI[D
JOU SO0P UIAIJS AN Y -

Kyuadyed jJo a3papmouy|
91eInooe uo spuadap juow
-$S9sse YSLI aAnonpoiday -

papnjout a1e A1
-IoA9s SurkIeA JO SUONIPUO)) -

[EIIUSPYUOD dIe
S)[NSaI pue ‘KILIUN[OA ST §D) -

901]0U UOTJBULIOJUT
pue arerdwa) DI paxouuy

Suridsgjo 03 YSLI eUTWI[D
JOU SO0P UIAIJS AN Y -

[ENUSPYUOD oIe

S)[NSAI pue ‘KILIUN[OA ST §D) - JUSSUOD POULIOJUT

JuowdaIde Jo opeIn

([zz] 321 °6100) DODZNVE

([oz ‘81 321 °L107) DOOV

(lozl'31°1202) DINOV

([s2] ‘zeoz-1200) NOIS

(ponunuoo) | sjqey

pringer

Qs



Journal of Assisted Reproduction and Genetics (2022) 39:2581-2593

2587

2. Recipients

Recipients of the test are couples of reproductive ages who
are planning a pregnancy, either naturally or through medi-
cally assisted reproduction (MAR), regardless of positive
family history or ethnic background. Thus, SIGU endorses to
widen the use of CS from previous cases with known family
history or based on ancestry to healthy individuals without
family history. Regarding this topic, the other scientific soci-
eties substantially agree that screening should be offered
to all couples, as it is an acceptable strategy and crucially
beneficial. Furthermore, the SIGU working group remarks
that CS should be particularly encouraged to consanguine-
ous couples, because of the higher probability to conceive a
child affected by recessive diseases.

The SIGU working group outlined that CS plays a piv-
otal role in gamete donation programs in the context of
MAR. Particularly, given the fact that a single donor may
be involved in a greater number of conceptions than with
homologous MAR cycles. Therefore, if the donor is a car-
rier of a recessive condition, this will be associated with
an increased risk of having an affected offspring at every
conception. In case of female donors, a further care should
be taken with X-linked recessive diseases, possibly enriching
CS panels for these conditions.

3.Timing and how to perform the test

Regarding the timing, the SIGU working group outlined that
pre-conceptional stage should be preferred. When performed
on couples who are planning a pregnancy, the test allows
for early reproductive risk identification, giving patients a
broader range of reproductive options, ranging from preim-
plantation genetic testing to prenatal diagnosis [7].

The SIGU working group considered that CS can also
be performed in early gestational weeks (no later than the
12th), to inform about reproductive risks in a period which
is compatible with a prenatal invasive diagnostic procedure,
such as chorionic villus sampling (CVS) or amniocentesis.
However, CS should not be encouraged in the prenatal
period, due to time-sensitive constraints related to clinical
results interpretation and the need for a possible invasive
prenatal diagnosis. The SIGU working group recognized and
acknowledged the lack of proper frameworks in the country
to deliver timely and appropriate education and knowledge
to facilitate informed decision-making at the preconception
stage. Therefore, future efforts should be invested in the
development of strategies that are able to promote and bring
education and awareness about CS to the general public in
a timely fashion.

Referring to how the test should be performed, the SIGU
working group supported a contextual CS approach (both
partners’ samples are collected and tested simultaneously)

or, whenever not possible, a sequential one (the addition
of sampling and testing of the second partner, generally
the man, if the first one, generally the woman, is positive).
Importantly, if the screening test is carried out during the
pregnancy, the contextual approach must be used, providing
a faster turn-around-time with a comprehensive information.

Regarding this third point “Timing and how to perform
the test,” all societies agree that the ideal time for carrier
screening is prior to conception and discussion of the dif-
ferent approach (i.e., contextual/couple testing or sequential/
one-member screening strategy). In particular, SIGU and
ACMG recommend that if CS test is done in pregnancy, it
should be offered to both partners at the same time (Table 1).

4a. Method of analysis: NGS-WES and target
sequencing

Recently, CS techniques have been developed based on NGS
to screen simultaneously many genes associated with AR
or XR genetic disorder. The main approach is analyzing
the protein-coding regions of these genes since most of the
known disease-causing variants (> 85%) are located there
[35]. When using NGS analysis, SIGU recommends per-
forming a preclinical validation to ensure the highest levels
of accuracy in sequencing and variant calling performance.
Moreover, the quality criteria (QC) should be assessed dur-
ing each analytical session. The qualitative parameters per
variant should be coverage > 30 X, heterozygosity of >35%,
and base call quality score of >20. Overall, if these require-
ments are met, the SIGU working group considers the
unnecessary confirmation of positive variants identified by
NGS by orthogonal molecular techniques [36-39].

In terms of clinical validity, a sufficiently high detection
rate is required in order to significantly reduce the residual
risk. The detection rate for each gene/condition included
in CS analysis should not be lower than 85% if only one
member of the couple is screened or less than 70% if both
members of the couple are screened.

Different analytical NGS strategies can be performed:
(i) customized panel which includes the sequencing and
analysis of selected genes and (ii) whole-exome sequenc-
ing (WES) followed by filtering of genes of interest. Panels
usually offer better coverage and analytical reproducibility
than WES for the same subset of genes, even though ana-
lytical performance are constantly evolving and improving
for WES.

Nowadays, SIGU supports the use of NGS and consid-
ers that SNP array-based approaches as CS techniques are
obsolete and inappropriate, due to their limited analytical
and clinical validity (e.g., low coverage for each gene) [40].

Documents from other scientific societies did not take
particular consideration on the technology to use: ACMG
lists all the methods to identify genetic changes including
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single-nucleotide variants (SNVs) and copy-number variants
(CNVs), as reported by SIGU; more generally, ACOG and
RANZCOG mention the advent of NGS.

4b. NGS limitations and use of ancillary molecular
testing

Despite its technical reliability, some complex genomic
regions (e.g., pseudogenes, large structural genomic rear-
rangements, CNVs, triplet expansions, non-coding regions)
cannot be investigated with NGS-based approaches and
require specific ancillary tests.

As an exemplary case, recent studies suggest that CNVs
could represent a not negligible portion of the pathogenic
variants in some genes, such as DMD. In this regard, tech-
niques such as multiplex ligation-dependent probe amplifi-
cation (MLPA) must be employed. Thus, SIGU suggests to
always perform these ancillary molecular tests to improve
the diagnostic yield of CS for some specific conditions
(e.g., FRAXA and SMA), with a high prevalence of carri-
ers, whose mutations are not single-nucleotide variants (e.g.,
CGG repetitions in the FMRI gene and exon 7 deletions in
SMNI1 gene) [16, 41].

5. Which and how many conditions?

To avoid an indiscriminate increase of the analyzed condi-
tions, the SIGU criteria for the inclusion of a gene in the
panel should be the following ones, provided that analytical
and clinical validity of the CS testing are met:

1. The condition must be associated with a well-defined
phenotype (with a well-documented genotype—pheno-
type correlation).

2. The condition must result in an unfavorable effect on the
quality/duration of life.

3. The condition must be causative of physical and/or cog-
nitive impairment.

4. The condition must require medical and/or surgical
intervention.

5. The condition must present with an early onset (meaning
that late-onset conditions should not be included in the
panel).

6. Appropriate diagnostic procedure or preimplantation
genetic testing must be available.

Overall, SIGU does not provide a list of diseases to ana-
lyze, as this can easily change over time as new knowledge
arises.

It should be reminded that, among the 1300 autosomal
recessive and X-linked conditions currently identified,
about a hundred of them show a disease prevalence equal or
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higher than 1/100,000 corresponding to a carrier frequency
of 1/158 [42].

Even if the carrier frequency should be considered, a
defined cut-off frequency does not appear among the SIGU
inclusion criteria. This is because the scientific evidence
used to establish carrier frequency can vary and generate
a not precise and uniform estimation. Moreover, despite
being widely used, a carrier frequency higher than or equal
to 1/100 limits the diagnostic yield: carrier frequency can
vary between ethnic groups, and as a result, the cut-off 1/100
becomes too strict if applied in pan-ethnic approaches [35].

Regarding the topic of “Which and how many condi-
tions,” these are the main differences among scientific
societies:

e ACOG gives several guidelines about which conditions
should be screened for (have a carrier frequency of 1 in
100 or greater corresponding to a disease frequency of
1/40,000; have a well-defined phenotype; have a detri-
mental effect on quality of life; cause cognitive or physi-
cal impairment; require surgical or medical intervention;
have an onset early in life; can be diagnosed prenatally;
and can provide possibility of an ante-perinatal interven-
tion and/or a better postnatal management to improve
newborn and infant outcomes). ACOG recommends the
pan-ethnic screening exclusively for CF.

e Generically, RANZCOG claims that the selected condi-
tions should be a cause of major diminution of quality
of life and/or reduction in lifespan. Screening for thalas-
semia, CF, SMA, and FXS should always be offer to the
general population. Moreover, RANZCOG mentions
additional conditions that should be screened in some
specific populations, such as AJ ancestry.

e Historically, ACMG gives inclusion criteria for CS
design (phenotype severity, high prevalence of carriers
in the screened population, established analytic validity
of screening methods, predictable genotype—phenotype
correlation, available prenatal diagnosis and reproduc-
tive options). Based on that, ACMG recommended the
screening for SMA in addition to CF. However, consid-
ering the technological advances, ACMG affirmed that
“whereas in prior years, carrier screening was a scarce
resource reserved only for those with the highest risk, a
more attainable price point now allows for the oppor-
tunity to reach every patient.” It caused a change of
view for the inclusion of a condition in general popula-
tion screening, as published last year. In details, ACMG
introduces an interesting “overlapping tiered” approach,
which identifies four level of screening, where each level
includes the previous one. The first tier includes CF and
SMA for all and then other conditions to be evaluated
according to specific risk (risk-based screening). The
second tier also includes those conditions whose carrier
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frequency is equal to or greater than 1:100. The third
tier additionally includes the conditions with carrier fre-
quency equal to or greater than 1:200 and a group of
X-linked diseases listed, with a derived disease preva-
lence of 1/40,000. Finally, the fourth tier includes rarer
conditions (with carrier frequency less than 1:200), leav-
ing the choice to the individual laboratory offering the
screening.

Furthermore, ACMG explains the recommendations to
use of this approach:

e All pregnant patients and those planning a pregnancy should
be offered tier 3 carrier screening for the autosomal reces-
sive and X-linked conditions listed. Reproductive partners
of pregnant patients and those planning a pregnancy may
be offered tier 3 carrier screening for autosomal recessive
conditions listed when carrier screening is performed simul-
taneously with their partner.

e Tier 4 screening should be considered when a pregnancy
stems from a known or possible consanguineous rela-
tionship (second cousins or closer) or when a family or
personal medical history warrants.

e Tier 1 and/or tier 2 screening is not recommended
because these do not provide an equitable evaluation of
all racial/ethnic groups.

e Tier 4 panels are not recommended as routine offering.

6. Reporting of the results

In accordance with the joint statement of the ACMG,
ACOG, National Society of Genetic Counselors, Perinatal
Quality Foundation, and Society for Maternal-Fetal Medi-
cine [8], SIGU recommends that the laboratory carrying
out the analysis should report only genes and variants with
clear pathogenicity and provide information on the asso-
ciated clinical condition. Specifically, only “pathogenic”
and “likely pathogenic” variants (class 5 and 4) should be
reported, while those of uncertain significance (class 3)
should not. Notably, the interpretation of the variants is
continuously evolving; therefore, it could be necessary to
re-evaluate and re-classify them accordingly. Among sci-
entific societies, the ACOG gives no guidance, RANZCOG
and ACMG agree that only “pathogenic” and “likely patho-
genic” variants should be reported in the report. Addition-
ally, ACMG considers the possibility of reporting a variant
of uncertain significance (VUS) in the partner of a known
carrier. Pre-conception counseling session ideally addresses
return of results when a VUS is identified.

Moreover, on the basis of the analytical validity and
known epidemiological data for all conditions included,
SIGU considers appropriate to report residual risks (RRs)—
defined as the likelihood that the individual may be carrier

even after a negative test result. The RR can be calculated as
the product of the carrier frequency in the reference popula-
tion X (1- detection rate). Consequentially, the definition of
reproductive risk should even consider whether both part-
ners have been analyzed or not. However, it is recommended
to provide the recipients of the CS with a clear explanation
about imperfect estimation/approximation of RR. Indeed, the
RR is influenced by multiple variable factors and, therefore,
may not be always accurate, especially for rarer conditions.
These issues are related to genomic regions not fully char-
acterized, ethnic groups with specific allelic frequencies,
inaccurate or mixed declared ethnic origin, technical limi-
tations, type of analysis, challenging interpretation of the
variants, and test sensitivity. Specifically, ACMG and ACOG
argue it is impractical to generate an accurate residual risk
when screening is performed on a large number of condi-
tions, while RANZCOG suggests that all individuals/couples
should be informed about the residual chance of the couple
having a child with one of the conditions screened for.

7. Cost-efficiency evaluation

Cost-effectiveness evaluates both costs (e.g., cost of CS and
the downstream costs of genetic counseling, partner test-
ing, prenatal diagnosis) and clinical benefits (e.g., avoiding
affected births) of medical interventions. It is described by a
single number (incremental cost-effectiveness ratio (ICER))
that summarizes the cost (e.g., dollars) per unit of health
benefit outcome (e.g., life-years gained). This framework
allows for comparisons among medical interventions that
maximize patient health and, at the same time, optimally
allocate health resources, often limited in social welfare.

In the literature background, only two papers examined
the cost-effectiveness analysis of CS panels compared to the
US benchmark value of $50,000 as cost per life-year gained.

Azimi et al. develop a decision tree model, for compar-
ing NGS-based carrier screening for 14 conditions, recom-
mended by medical society guidelines, versus no screening
[43]. Carrier frequency of disorders, patient ethnicity, muta-
tion detection rates, healthcare processes, patient behaviors,
costs, and health utilities, among others, are used as param-
eters in this analysis. The study shows that CS is effective
with a cost of $30,000 per life-year gained as compared with
no screening.

Beauchamp et al. (2019) analyze the clinical impact and
cost effectiveness of a CS panel for 176 conditions using a
decision tree model comparing it versus minimal CS screen-
ing (23 CF variants + SMA) [44]. The authors estimate that
approximately 1:300 pregnancies will be affected by one
out of 176 screened conditions, which individually incur
$1,100,000 in lifetime costs. According to this study, an
increased CS is cost-saving because after subtracting the
price of minimal screening, the cost per life-year is negative.
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Moreover, it remains cost-effective (< $50,000 per life-year
gained), at prices up to $2500 because the net averted costs
are greater than the price.

In the Italian context, the SIGU working group underlines
that the design of a cost-effectiveness study of CS panels
would need a huge amount of data, some of which are very
difficult to obtain, for example: the precise content of the
panel employed, with its detection rate and cost; the possible
reproductive options and their corresponding costs for the
at-risk couples (probably divergent from those reported in
the US models); the affected individuals for each selected
disease; the healthcare costs per year of life; and thus the
cost-savings due to the avoided affected births. Beside these
issues, some insights from a cost-effectiveness analysis
on CS implementation in the National Healthcare System
(NHS) were recently provided as preliminary study for the
Italian setting [38]. This decision model compared two CS
panels—a screening for 21 common conditions in the Medi-
terranean population and a minimal one only testing CF,
SMA, beta-thalassemia, phenylketonuria, and FXS—versus
no screening. Both tested CS panels would be dominant ver-
sus no screening and cost-effective if reimbursed by NHS.

Generally, it is considered reasonable to widen the
included conditions to less frequent ones when this will not
significantly increase the costs. On the other hand, some
conditions with a high frequency may not be included in the
CS panel because they are investigated only with ancillary
testing causing relevant increase in testing cost.

Unfortunately, there is not enough data to evaluate the
overall cost-effectiveness, so more research on the topic is
required. However, all scientific societies agree that car-
rier screening will be considered cost-effective both for the
patient and for the healthcare system because testing costs
will be reduced and expensive treatments for genetic disor-
ders will become available.

8. Ethical reflections

CS programs should consider a number of ethical issues both
for general population [45] and for “selective” contexts such
as assisted reproduction and donor conception [5, 46]. Over-
all, the ethical debate is aimed at providing direction on the
fact that the potential benefits of such screening clearly out-
weigh the potential harms and disadvantages. The discussion
ranges from the scope of carrier screening (i.e., autonomy or
prevention) to parental and professional responsibilities as
well as the concepts of proportionality and justice. However,
it is noted that ethical objections have not a directive effect
and should be always applied in accordance with the relevant
medico-legal norms in each country’s jurisdiction.

The SIGU working group extensively discussed several
ethical topics, including (i) justice, avoiding stigmatiza-
tion and social discrimination and preserving privacy and
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economic resources of the healthcare system; (ii) autonomy,
promoting decision-making and self-determination while
considering the risk of medicalization and routinization;
and (iii) consequences on personal (i.e., parental respon-
sibility, stressful experience) and public (i.e., welfare and
public health costs) spheres. Overall, the working group
fully endorses the most recent ESHRE position on the ethi-
cal boundaries of CS [5].

Among other scientific societies, ACOG for example
gives no guidance, whereas RANZCOG and ACMG agree
that CS programs should promote equity and inclusion.

Remarkably, CS programs should be more inclusive of
diverse populations (i.e., ethnic neutral) and socio-economic
classes (i.e., no financial barrier).

9. Informed consent model

As the basis of decision-making and self-determination,
there is the process of informed consent, which broadly
explains the indications and implications of CS testing and
describes the types of conditions being screened as well as
the limitations. However, it is to be noted that it is chal-
lenging to illustrate hundreds of different conditions, thus
providing detailed information for each screened condition
may be impractical. Moreover, screening panels may change
over time, and there may be differences between laboratories
in the conditions screened.

SIGU claims that all individuals/couples having carrier
screening should provide written informed consent model
that should be discussing:

(i) Carrier screening of any nature is voluntary, and it is
reasonable to accept or decline.

(i1) Screening will not identify carrier status for all dis-
ease-causing genes and all mutations in the tested
genes and therefore that there is a residual chance
of the couple having a child with a genetic disease,
including one of the conditions screened for.

All this information should be carefully discussed dur-
ing pre-test counseling, before signing the written informed
consent form and educating patients may be done verbally
or by using other informational tools.

All four societies give precise guidance about the points
that the informed consent should contain. In brief, ACMG
and ACOG, along with other professional organizations,
published a joint statement [8] emphasizing that seven com-
ponents of consent should be included (Table 1). RANZ-
COG agrees on the residual risk and the possibility to find
out that the patient has a genetic condition that could affect
his personal health. Moreover, it underlines that if the mem-
bers of the couple have children with a different partner, they
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Table 2 Capsule summary of SIGU recommendations for carrier screening

Objective

Recipients

Timing

Technical-scientific issues
lytical and clinical validity must be met

e To make reproductive choices easier for at-risk prospective parents, proof of clinical utility

o All couples planning a pregnancy, including gamete donors, with particular awareness for consanguineous couples
e Best at pre-conceptional stage or reporting by the no 12th gestational week if CS is performed during pregnancy

o The test should be performed by NGS along with more appropriate separated techniques. Requirements for ana-

e The inclusion criteria for selecting analyzed conditions should be a clear gene-disease association, negative effects
on the quality and/or duration of life, be the cause of physical/cognitive deficits, necessitate medical interventions,
present with an early onset, and be a condition diagnosed in PGT or PND

Reporting

o Only class 4 or likely pathogenetic and class 5 or pathogenetic variants should be reported

e Residual risk should be provided and/or discussed

Socio-economic issues o The test is supposed to be cost-effective

o The test should promote justice and autonomy and preserve parenthood and the healthcare system

need rescreening to define the reproductive risk for that new
couple.

In addition, SIGU offers an informed consent (IC) tem-
plate form that is ready to use by laboratories offering CS
screening and a specific information notice which can be
used for educational purposes.

Key message on genetic counseling

Genetic counseling refers to guidance relating to genetic dis-
orders that a specialized healthcare professional provides to
an individual or family. Based on clinical opinion and exper-
tise, the provision of genetic counseling in the context of
CS programs is claimed by the entire scientific community.

Indeed, while carrier screening is linked to the concept of
self-determination, defined as the ability to make decisions
for yourself to enhance reproductive autonomy, there is an
unquestionable risk of incomplete and insufficient compre-
hension of the analytical details and limitations of the test,
offering CS testing solely. Thus, genetic counselors represent
a crucial part of an appropriate reproductive management,
providing prospective parents with pathways of pre- and
post-test counseling about CS testing.

A detailed pre-test counseling should be carried out
explaining benefits and limitations of the test and reporting
information about its sensitivity, specificity, and residual
risk. Regarding residual risk, it is particularly important to
underline that the test does not guarantee the absence of
genetic diseases in the offspring but drastically reduces the
risk according to the test’s limitations.

Afterwards, once the test’s results are available, the coun-
seling should support the couple during post-test decision-
making. Especially in case of positive CS results, either in
one or both members of the couple, post-test counseling is
fundamental to interpret the data, assess recurrence risks and
clinical features, and evaluate, case by case, possible options
for further analysis on the partners and cascade testing on
the family members.

Conclusion: SIGU summary and future
challenges

In light of emerging scientific evidence and technologi-
cal advancements, SIGU has expressed for the first time a
favorable opinion on the feasibility of genetic testing for the
risk assessment of recessive disorders.

The latest recommendations from SIGU were divided into
nine discussion sections, a concise summary of which is
shown in Table 2.

To extend the discussion, Italy’s position on CS was com-
pared to that of other countries. Three overseas scientific
organizations were chosen as references: RANZCOG for
Oceania and ACOG and ACGM representing America. The
level of agreement among the four societies was then evalu-
ated. Each of the nine sections was assigned a score ranging
from one to five, with one representing the least amount
of agreement and five representing the greatest amount of
agreement. Overall, all societies demonstrated a high level
of consensus (score of 4 and 5). There was no section that
received a score of 1 or 2. With a final score of agreement
of 3 out of 5, the societies had a slight disagreement only
on which conditions should be screened (“Which and how
many conditions?” section) and what information should be
given to patients (“Informed consent model” section).

Despite minor differences, the driving principles
remained the same. In the “Which and how many condi-
tions?” section, all societies advise against an arbitrary
increase in the number of analyzed conditions. Concerning
the “Informed consent model” section, societies concurred
that informed consents should be designed so that patients
can be educated about the test and the conditions in order to
improve their ability to make informed decisions.

Finally, there are a few pressing issues that require
attention. As thoroughly discussed in the test, when pro-
viding genetic testing, it is fundamental to provide genetic
counseling too. A healthcare professional is required to
explain the test and its clinical importance to couples
during a pre-test session. Similarly, counseling should be
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provided in a more detailed discussion with the couples
about both positive and negative CS test results, during the
unavoidable post-test session. Due to the lack of clinical
geneticists in Italy, as well as in many other countries, it
is clear that providing both pre- and post-test counseling
can be problematic. A solution could be the introduction
of a new healthcare professional, the genetic counselor,
a role that already exists in countries such as the UK and
the USA.

In addition, the NHS currently does not perform carrier
screenings in Italy. Private companies, on the other hand,
have performed the majority of these tests over the years
and gained enough knowledge about technological advances
in sequencing, interpretation, and variant reporting to assist
the NHS through specific agreements. CS is set to become
a valid option in the very next future both in terms of cost
savings and in limiting individual and family suffering. Sub-
sequently, the public health decision-makers should consider
the possibility to offer/reimburse CS to the general popula-
tion within the Italian tax-based NHS, at least for the more
frequent recessive diseases with unquestionable clinical
utility.

Ideally, this work, along with its key points for correct
CS performance, will be useful guidance for healthcare
personnel and will serve as an educational tool efficacious
in explaining the implications and limitations of the test to
prospective parents.
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